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ABSTRACT The six tyrosine residues of ribonuclease A (RNase A) are used as individual intrinsic probes for tracking local
conformational changes during unfolding. The ﬂuorescence decays of RNase A are well described by sums of three exponentials
with decay times (t1¼1.7 ns, t2¼180ps, and t3¼30ps) andpreexponential coefﬁcients (A1¼1,A2¼1, andA3¼4) at pH7, 25C.
The decay times are controlled by photo-induced electron transfer from individual tyrosine residues to the nearest disulphide (–SS–),
bridge, which is distance (R) dependent. We assign t1 to Tyr-76 (R¼ 12.8 A˚), t2 to Tyr-115 (R¼ 6.9 A˚), and t3 to Tyr-25, Tyr-73,
Tyr-92, and Tyr-97 (all four at R ¼ 5.5 6 0.3 A˚) at 23C. On the basis of this assignment, the results show that, upon thermal or
chemical unfolding only Tyr-25, Tyr-92, and Tyr-76 undergo signiﬁcant displacement from their nearest –SS– bridge. Despite
reporting on different regions of the protein, the concordance between the transition temperatures, Tm, obtained from Tyr-76
(Tm ¼ 59.2C) and Tyr-25 and Tyr-92 (Tm ¼ 58.2C) suggests a single unfolding event in this temperature range that affects all
these regions similarly.
INTRODUCTION
Fluorescence spectroscopy is widely used as a tool for pro-
tein folding studies (1). When multiple tryptophan (Trp) or
tyrosine (Tyr) residues are present, the steady-state ﬂuores-
cence is the sum of the signals from all the ﬂuorescent res-
idues, located in different parts of the protein. Time-resolved
ﬂuorescence spectroscopy (TRFS) has the potential to track
several Trp/Tyr residues given that the decay times can be
attributed to individual residues.
The use of TRFS has been hindered, in part, because
several studies have shown the appearance of more than one
decay time for proteins with a single Trp (2) or Tyr (3) res-
idue. However, we have recently shown that the ﬂuorescence
of Staphylococcus aureus nuclease A (SNase), with a single
Trp (4), and that of bovine ubiquitin (UBQ), with a single ty-
rosine (Tyr) residue (5), decay as a single exponential below
the unfolding temperature region. Above this temperature re-
gion, the decays become multiexponential due to the ﬂuo-
rescence contribution of the unfolded protein, and from the
preexponential coefﬁcients of these decays, the mol fractions
of the folded and unfolded proteins could be accurately eval-
uated and used to calculate equilibrium constants, enthalpies,
entropies, and speciﬁc heats of unfolding.
In this work, we explored the application of TRFS to
discriminate the ﬂuorescence signal of the multichromophoric
protein, ribonuclease A (RNase A), and to track local con-
formational changes resulting from thermal and chemical
unfolding. RNase A was selected because it is a benchmark
protein for biophysical studies, being one of the most well-
characterized proteins (6,7). Furthermore, some studies have
employed site-directed mutagenesis to introduce Trp residues
in different parts of the protein (8), thus providing informa-
tion in the site-speciﬁc region around the Trp residue in the
mutant. However, these substitutions can result in structural
changes with respect to the wild-type protein, as indirectly
observed on comparison of changes in the thermodynamic
properties associated with the unfolding process such as the
transition temperature (Tm), enthalpy (DH), and entropy (DS)
(8). Consequently, the possibility of obtaining information on
the sites around the six Tyr residues in the unaltered protein
would be beneﬁcial.
The results of this work allowed us to assign the ﬂuores-
cence decay times of the multiexponential decays of RNase
A to its different Tyr residues. We also concluded that elec-
tron transfer is the mechanism responsible for the observed
short decay times. Finally, on the basis of the assignment, we
were able to use TRFS to probe the conformational changes,
resulting from thermal and chemical unfolding that occur in
the different regions where the Tyr residues are located and
couple the experimental data to molecular dynamic (MD)
simulations.
EXPERIMENTAL
Sample preparation
Bovine pancreatic ribonuclease A (Mw ¼ 13,700 Da) was
purchased from Boehringer Mannheim (Basel, Switzerland)
and from Sigma (ribonuclease A type XII-A; St. Louis, MO)
and dialyzed against 10 mM sodium phosphate, pH 7.3.
Protein concentration was determined by optical spectros-
copy, with an extinction coefﬁcient of 9800 Lmol1cm1 at
278 nm. Guanidine hydrochloride (99% pure) was purchased
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from Fluka (Milwaukee, WI). Sodium dihydrogen phosphate
and disodium hydrogen phosphate were of analytical grade
and were purchased from Merck (Rahway, NJ). N-acetyl-
tyrosinamide (NAYA) was purchased from Sigma.
Absorption and ﬂuorescence spectroscopy
Ultraviolet (UV)-absorption spectra were measured on an
Olis (Bogart, GA) UV-Vis DW2 double-beam spectropho-
tometer with 1.0 nm resolution equipped with a circulating
water bath and a thermocouple placed inside the cell for
temperature control. Steady-state ﬂuorescence excitation and
emission spectra were measured using a SPEX (Edison, NJ)
Fluorog 212I spectroﬂuorimeter. All spectra were collected
in the sample-to-reference (S/R) mode and corrected for op-
tics, detector wavelength dependence (emission spectra), and
lamp intensity wavelength dependence (excitation spectra).
Fluorescence was collected in right angle geometry.
Fluorescence quantum yield of RNase A, at pH 7 and at
25C, was determined by comparison to parent compound
N-acetyl-tyrosinamide (NAYA), whose quantum yield was
in turn determined using a standard solution of p-terphenyl in
cyclohexane (0.77) (9).
Time-resolved ﬂuorescence measurements were carried out
using the single-photon counting technique as previously
described (10). Excitation of samples was carried out with the
frequency-tripled output of an activelymode-locked picosecond
Ti-Sapphire laser (Spectra Physics Tsunami; Mountain View,
CA), pumped by a solid-state laser (Spectra Physics Millennia
Xs). The repetition rate was set to 4MHz by passage through an
optical-acoustic modulator (Pulse Selector 3980, Spectra Phys-
ics). Light pulsesweremonitoredwith a fast photodiode, ﬁltered
with a constant fraction discriminator (Canberra 2126), and used
as stop signals in a time-to-amplitude converter (Canberra 2145
TAC). Excitation was vertically polarized and emission was
collected at 90 geometry, passed through a polarizer at;54.7
(Spindler & Hoyer (Go¨ttingen, Germany) Glan-Thompson
laser prism polarizer, Franklin, MA) and a monochromator
(Jobin-Yvon (Longjumeau,France)H20Vis;), anddetectedwith
a microchannel plate photomultiplier (MCP-PT Hamamatsu
R3809u-50;Hamamatsu, Japan). InvertedSTART-STOPcon-
ﬁguration was used in the acquisition. The experimental in-
strumental response function for all excitation wavelengths
was in the 38–42-ps range. Alternate collection of pulse pro-
ﬁle and sample decays was performed (103 counts at the
maximum per cycle) until;53 103 (typical) to 33 104 total
detected counts had been accumulated at the maximum of the
ﬂuorescence signal. The ﬂuorescence decays were deconvo-
luted on a PC, using Striker’s SAND program (11) (LINUX
version), which allows individual and global analysis of the
decays with individual shift optimizations.
Molecular orbital calculations
Gas phase ionization potentials (IP) and electron afﬁnities
(EA) were calculated from the formation enthalpies of the
molecule and of its oxidized and reduced forms, respectively
(12). Molecular geometries were ﬁrst calculated using the
MM1 molecular mechanics method and then optimized
with the semiempirical AM1 method at the UHF level, using
HyperChem version 5.0 software by Hypercube (Gainesville,
FL) (13). Enthalpies of formation were obtained by AM1 from
single point calculations on the optimized geometries.
Molecular dynamics
Simulations were performed with the program CHARMM
(14) using the all-atom force-ﬁeld CHARMM22 (15) and a
generalized Born continuum model to include the effects of
the solvent (16). Starting from the x-ray crystal structure,
1FS3 (17), we ﬁrst performed a short steepest descent min-
imization to remove possible steric clashes, followed by a
slow heating to the desired temperatures, and then performed
canonical simulations lasting between 2 and 10 ns. The tem-
peratures chosen were 23, 87, and 177C. At 23C, the
protein remains stable and the root mean-square deviation
(RMSD) reaches a plateau at ;2.5 A˚ after 0.5 ns and never
exceeds 3 A˚ during the whole duration of the simulation
(4 ns). At the higher temperatures, the RMSD increases, but
the protein never completely unfolds due to the presence of
the four disulphide bonds. At 177C, the RMSD from the
native structure is, on average, 5.5 A˚ and never exceeds 7 A˚.
Langevin dynamics were used with a low friction coefﬁcient
to accelerate the sampling relative to a water-like friction.
The integration step was 2 fs for all of the simulations
performed.
RESULTS
Absorption and steady-state ﬂuorescence
of RNase A
The absorption and emission spectra of RNase A at pH 7.2 and
23C (Fig. 1 a) show maximum absorption at lmax ¼ 278 nm
and maximum emission at lem ¼ 306 nm. The absorption
spectrum is 1 nm blue-shifted with respect to NAYA in the
nonpolar solvent dioxane (lmax ¼ 279 nm) and 3 nm red-
shifted with respect to NAYA in water (lmax ¼ 275 nm) (9).
The maximum ﬂuorescence emission of NAYA varies
between lmax ¼ 303 nm in dioxane and lem ¼ 305 nm in
water; hence, RNase A shows a slight red shift in comparison
to NAYA in water. The ﬂuorescence quantum yield of
RNase A at 23C (fF ¼ 0.013 6 0.001), determined using
NAYA in water as a standard, is in agreement with the value
(fF ¼ 0.014) previously determined by Cowgill (18). Com-
pared to NAYA (fF¼ 0.049), the quantum yield of RNase A
indicates that some of the tyrosine residues in RNase A are
quenched.
Studies carried out by Wills and Szabo (19) demonstrated
that the ﬂuorescence of Tyr is quenched in the presence of
hydrogen-bond acceptors such as acetate. We have made a
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similar observation for Tyr in UBQ, whose ﬂuorescence is
quenched as a result of proton transfer to a nearby carboxylate
group of Glu-51 (5). Since previous studies have suggested
that, at pH 5, Tyr-25 of RNase A is hydrogen-bonded to the
carboxylate of Asp-14 (7,20), we have analyzed the ﬂuores-
cence response to the pH change. Upon acidiﬁcation to pH
2.2, there is no visible change in the ﬂuorescence spectra and
intensity relative to pH 7.2 (Fig. 1 a).
Temperature effects on the absorption and
ﬂuorescence spectra
At 80C, the absorption spectrum of RNase A shows a
decrease in the molar absorption coefﬁcient and a blue shift
of 1 nm, indicating the exposure of buried tyrosine residues
(Fig. 1 b). Fig. 2 a shows a plot of the differential absorbance
(DA) of RNase A measured at l ¼ 287 nm and pH 7.2 as a
function of temperature (T). From the decrease in the absor-
bance in the 50–70C temperature range, a melting temper-
ature of Tm ¼ 62C was estimated.
In contrast to the typical sigmoidal curve observed in the
case of DA vs. T, the ﬂuorescence quantum yield decreases
with temperature from fF ¼ 0.013 at 23C to fF ¼ 0.010 at
60C, then increases 4.6% from 60 to 65C and ﬁnally
decreases from 70 to 80C (Fig. 2 b). Gally and Edelman
(21) observed a similar dependence of the ﬂuorescence
quantum yield of RNase A on temperature, from which a
value of Tm ¼ 58C was determined.
Denaturant effects on the absorption and
ﬂuorescence spectra
Similar to the effect of increasing temperature, the absorption
spectra of RNase A show a 7% decrease in the molar ex-
tinction coefﬁcient (e) with increasing concentrations of
added GuHCl and a 2-nm blue shift from l ¼ 278 nm in the
absence of GuHCl to l¼ 276 nm at 4.2 M GuHCl, indicating
the exposure of buried tyrosine residues. At the same time,
the ﬂuorescence quantum yield increases from fF ¼ 0.013 at
0 M GuHCl to fF ¼ 0.039 at 4.2 M GuHCl, indicating a
decrease in the efﬁciency of the ﬂuorescence quenching.
Time-resolved ﬂuorescence of RNase A
The ﬂuorescence decays of RNase A in 10mMphosphate buffer
at pH 7 (23C), measured with excitation at lexc¼ 275 nm and
FIGURE 1 (a) Absorption (lmaxabs ¼ 278nm) and emission (lmaxfluo ¼ 306nm)
spectra of RNase A in 10 mM sodium phosphate, pH 7.2, at 23C. The
emission spectra of RNase A at pH 2.2 (darker line) at 23C show no change
in the ﬂuorescence intensity from pH 7 to pH 2.2. (Inset) Fluorescence
quantum yield of RNase A in phosphate buffer at 23C from pH 7.2 to pH 1.
(b) Absorption spectra of RNase A at 25 and 80C show a 2.5-nm blue shift
and reduction in molar absorption coefﬁcient (e) at 80C due to exposure to
water.
FIGURE 2 (a) Variation of differential absorbance (DA) of RNase A
measured at l ¼ 287 nm with increasing temperature. (b) Fluorescence
quantum yield (fF) of RNase A at pH 7 in 10 mM phosphate buffer as a
function of increasing temperature.
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emission at lem ¼ 295 nm, can be ﬁtted with a sum of three
exponentials, providing decay times of t1 ¼ 1.72 6 0.02 ns,
t2 ¼ 180 6 15 ps, and t3 ¼ 30 6 8 ps (Fig. 3). The errors
represent the maximum variation in the values of the decay
times obtained from ﬁve ﬂuorescence decays measured with
different samples and two emission wavelengths.
The ﬂuorescence quantum yield, fF ¼ 0.012 6 0.002,
calculated from the normalized ﬂuorescence decay (using
the decay times ti and preexponential coefﬁcients Ai) and
the value of the radiative rate constant of NAYA (9) of kf ¼
3.6 3 107 s1 (Eq. 1), is similar to the experimental value,
indicating that the ﬂuorescence decay contains information
on all the tyrosine residues, i.e., all fast decays were detected.
ff ¼ kf
Z N
0
IðtÞdt ¼ kf +
3
i¼1
Aiti; (1)
with
+
3
i¼1
Ai ¼ 1:
Since the ﬂuorescence decays of NAYA are single expo-
nential in low dielectric constant solvents (e.g., mixtures of
dioxane:water below 70% v/v water concentration) (9), the
ﬂuorescence decay of a protein with six tyrosine residues in
different environments could potentially be expected to dis-
play up to six different decay times (ti). The respective pre-
exponential coefﬁcients (Ai) would then be proportional to
the concentration of each tyrosine residue, given that each
decay time can be properly resolved (1,2) (see Discussion).
In this case, we observe only three lifetimes and normali-
zation of the preexponential coefﬁcients for the six tyrosine
residues present (+3
i¼1 Ai ¼ 6) provides a relative ratio of
0.9:1.0:4.1 for the three decay times. The result indicates that
four tyrosines are strongly quenched (t3 ¼ 30 ps), one
partially quenched (t2 ¼ 180 ps), and the sixth only slightly
quenched (t1 ¼ 1.72 ns). Excitation of RNase A at different
wavelengths gave similar results, except when the emission
was collected at wavelengths longer than 305 nm. At these
wavelengths, a residual 3.5-ns component, clearly due to an
impurity, has been detected.
In summary, the foregoing results show that the ﬂuores-
cence decays of RNase A can be described as triple expo-
nentials and that the preexponential coefﬁcients indicate that
four tyrosines have a very short decay time (30–40 ps), a ﬁfth
tyrosine a relatively short decay time (165–195 ps), and the
last a relatively long lifetime (1.70–1.74 ns).
Temperature and denaturant effects on the
time-resolved ﬂuorescence of RNase A
The ﬂuorescence decays of RNase A remain triple expo-
nential up to 80C. The decay times (ti) and preexponential
coefﬁcients (Ai) are plotted in Fig. 4, a and b, as a function of
temperature.
The longest decay time t1 gradually decreases from 1.7 to
1.5 ns at 50C and falls sharply from 1.5 to 0.88 ns at 70C,
indicating a transition in the region from 50 to 70C. t2 in-
creases from 180 ps at 23C to 400 ps at 64C and then de-
creases slightly to 380 ps at 70C, whereas t3 increases from
30 ps at 23C to 80 ps at 70C (Fig. 4 a). The increase of t2
and t3 indicate that ﬁve tyrosine residues are less quenched
in the unfolded state.
Signiﬁcantly, the preexponential coefﬁcients show an altera-
tion in the relative ratios from ;1:1:4 at 23C to ;1:3:2 at
70C. This indicates that two of the four strongly quenched
tyrosines become only partially quenched when the protein
unfolds (Fig. 4 b).
The chemical unfolding of RNase A employing GuHCl
was also followed using time-resolved ﬂuorescence. From 0
to 4.2 M GuHCl, the long decay time t1 increases slightly
from 1.71 to 1.86 ns, t2 increases from 165 to 754 ps, and
t3 increases from 34 to 104 ps (Fig. 5 a). The preexponential
coefﬁcient A1 increases from 1 to 1.3, A2 from 1 to 2.7,
and A3 remains approximately constant at 4 up to 2.6 M
GuHCl, and sharply decreases to 2 in the 2.6–4.2 M GuHCl
concentration range (Fig. 5 b). As in the case of thermal
FIGURE 3 Fluorescence decay of RNase A in 10 mM phosphate buffer at
pH 7 and at 23Cwith a timescale of 24.26 ps/channel is best ﬁt with a sum of
three exponentials (a) with decay times t1¼ 1.72 ns, t2¼ 180 ps, and t3¼ 30
ps as seen from the autocorrelation (A.C.), weighted residuals (W.R.), and x2
of 1.01. On normalization of the ratios of preexponential coefﬁcients, a
distribution of;1:1:4 is observed. (b) Fluorescence decay of RNase A in 10
mMphosphate buffer at pH7 and at 23Cwith a timescale of 24.26 ps/channel
ﬁt with a sum of two exponentials, x2 ¼ 1.49 with decay times t1 ¼ 1.69 ns
and t2 ¼ 90 ps and preexponential coefﬁcients of A1 ¼ 1.47 and A2 ¼ 4.53.
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unfolding, chemical unfolding of RNase A induces a change
in the environment of two highly quenched tyrosine residues
in the native state, which become partially quenched in
the unfolded state.
DISCUSSION
Assignment of the decay components to the
corresponding tyrosine residues
Fluorescence decays of RNase A
The ﬂuorescence decay of native RNase A, IN(t) is the sum
of the ﬂuorescence decays of the six individual tyrosines Ii(t).
Theoretically, if each tyrosine displayed a single exponential
decay, IN(t) would be given by Eq. 2, where ti is the ﬂuo-
rescence decay time and Ai the preexponential coefﬁcient of
each tyrosine (Yi) residue.
INðtÞ ¼ +
6
i¼1
IiðtÞ ¼ +
6
i¼1
Aie
ðt=tiÞ: (2)
The preexponential coefﬁcients represent the ﬂuorescence
intensity of each tyrosine residue at t ¼ 0, and can be used to
evaluate the mol fraction of the residue in the excited and
ground states after appropriate corrections (4). Brieﬂy, the
ﬂuorescence intensity of each tyrosine residue at t ¼ 0, Ii(0),
is equal to the concentration of the corresponding excited
species [Yi*](0) multiplied by its radiative rate constant
kfiðIið0Þ ¼ kfi3½Yi ð0ÞÞ. For a decay measured at a given
emission wavelength, lem, the respective preexponential
coefﬁcient Ai is equal to the ﬂuorescence intensity of the
residue (kfi3½Yi ð0Þ) times the fraction of the emission,
fi(lem), that is detected at lem, modulated by an instrumental
constant, cinst (Eq. 3).
FIGURE 4 (a) The longest decay time of RNase A t1 (squares) decreases
from 1.72 to 0.82 ns, t2 (open circles) increases from 180 to ;400 ps,
whereas t3 (solid circles) increases from 30 to;80 ps from 23 to 80C. The
values of t1 fall in between the decay times of NAYA in mixtures of 20:80
dioxane/water and neat water (solid circles and solid lines). (b) The nor-
malized preexponential coefﬁcient A1 (squares) is constant within exper-
imental error, A2 (open circles) increases from 1 to;3 and A3 (solid circles)
decreases from 4 to 2 from 23 to 80C. Solid lines shown are theoretical
ﬁts assuming the six-Tyr model (Eq. 13), from which values of DH ¼
461:4kJ=mol and DS ¼ 1:392 kJ=mol=K were calculated.
FIGURE 5 (a) Upon increasing the concentration of GuHCl from 0 to 4.2
M, t1 (squares) increases from 1.71 to 1.85 ns, t2 (open circles) increases
from 160 to 755 ps, and t3 (solid circles) increases from 33 to 104 ps. (b)
The normalized preexponential coefﬁcient A1 (squares) increases from 0.9
to 1.3, A2 (open circles) increases from 1 to 2.7, and A3 (solid circles)
decreases from 4 to 2 from 0 to 4.2 M GuHCl. The continuous line for A1 is
a ﬁt using a sigmoidal function; the solid lines shown for A2 and A3 are
theoretical ﬁts assuming the six-Tyr model from which values of DG23CH2O ¼
37:8kJ=mol=K and m ¼ 12.9 kJ/mol/M were determined.
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Ai ¼ cinst3 fiðlemÞ 3 kfi 3 Yi
 ð0Þ; (3)
with:
fiðlemÞ ¼ IiðlemÞR
IiðlÞdl; (4)
where
R
IiðlÞdl is the total ﬂuorescence emission.
Thus, Eq. 3 permits determination of the excited-state mol
fractions of the residues when the kﬁ and fi(lem) are known.
The radiative rate constant of NAYA does not change from
dioxane (3.5 3 107 s1) to water (3.6 3 107 s1); hence, kﬁ
of each tyrosine residue is expected to have similar values.
Also, the emission spectra of NAYA in dioxane and water
show only a very small bathochromic shift (;2 nm) and, as
such, the normalized spectra are almost coincident. Conse-
quently, the fi of each tyrosine residue can be considered to
be the same. Thus, the preexponential coefﬁcients (Ai) are
proportional to the excited state concentrations at t ¼ 0
without further correction.
The ground-state concentrations of the tyrosine residues
are proportional to the excited-state concentrations at t ¼ 0
divided by their respective molar extinction coefﬁcients (ei)
at the excitation wavelength. In the case of NAYA, an;20%
change in emax is observed upon going from dioxane to
water. However, an isosbestic wavelength exists at l ¼ 265
nm (9). As a result, despite the fact that the six tyrosine res-
idues are located in different regions of the protein, with se-
lective excitation at lexc ¼ 265 nm, all the tyrosine residues
have the same molar extinction coefﬁcient and absorb the
same fraction of the incident excitation intensity. In conclu-
sion, the preexponential coefﬁcients obtained from the ﬂuo-
rescence decays of RNase A with excitation at l ¼ 265 nm,
are directly proportional to the ground-state concentration of
each tyrosine residue with no correction required for the
fraction of light emitted ( fi(lem)), radiative rate constant (kf),
or molar extinction coefﬁcient.
In the case of native RNase A, the ﬂuorescence decay is
best ﬁt with a sum of three exponential functions. Therefore,
the 1:1:4 ratio of the normalized preexponential coefﬁcients
(+3
i¼1 A i ¼ 6) implies that four tyrosine residues are strongly
quenched and one partially quenched, whereas the third ex-
hibits a decay time close to that of NAYA in water (slightly
quenched). However, the foregoing interpretation relies on
the assumption that all tyrosine residues possess single expo-
nential decays.
The ﬂuorescence decay of NAYA in dioxane-water mix-
tures exhibits single exponential decays over a wide tem-
perature range below 70% water content. Above this water
content, a second shorter decay time (;400 ps) starts to
develop and its normalized preexponential ultimately reaches
the value of 0.12 in water (9). Very similar observations were
made with the single-tyrosine protein UBQ, but the preex-
ponential value was greater (5). The observation of this
double-exponential decay, which results from electron trans-
fer from one of the three cresol rotamers to the protein
backbone, depends on three factors: i), the relative mol
fractions of the ground-state rotamer population, the rotamer
conformations being determined by rotation about the Ca-Cb
bond (a); ii), the rotational rate constants for interconversion
between the rotamers, kr and kr9; and iii), the photo-induced
electron transfer rate constant, kET, which depends strongly
on solvent polarity (9). In dioxane/water mixtures below
70% water, the decays are single exponentials because kET is
too small.
The structure of RNase A obtained by x-ray crystallog-
raphy or by NMR (22) indicates that three tyrosines (Tyr-25,
Tyr-73, and Tyr-97) are buried in the interior of the protein,
two (Tyr-92 and Tyr-115) are ;50% exposed and one (Tyr-
76) is 70–80% exposed. Therefore, it is quite reasonable to
assume that at least ﬁve of the tyrosines will exhibit single-
exponential decay at 23C. Although the sixth or most-
exposed tyrosine might potentially show double exponential
decay, the fact that the preexponential coefﬁcient of the lon-
gest decay time, assigned to this most exposed tyrosine (see
below), is approximately equal to unity over the entire tem-
perature range studied demonstrates that all of the tyrosines
undergo single-exponential decay. This fact also implies that
the mol fraction of rotamers a undergoing electron transfer
to the backbone is low.
Mechanisms of ﬂuorescence quenching
When electron transfer to the protein backbone would be the
sole mechanism of ﬂuorescence quenching, the decay of
RNase A at 23C would be expected to be described by a
sum of three exponentials with decay times of t1ﬃ 5 ns, cor-
responding to three tyrosine residues buried in the interior of
the protein, a second decay time t2 ﬃ 4 ns corresponding to
the 50% exposed tyrosines, and a third decay time (t3)
corresponding to the decay time of NAYA in 70–80% water/
dioxane (t3 ﬃ 2 ns). The much shorter decay times observed
in the ﬂuorescence decay of RNase A at 23C clearly show
that at least ﬁve of the tyrosine residues are highly quenched.
Speciﬁcally, the shortest decay time of RNase A (t3) indicates
that four tyrosines suffer an ;150-fold reduction in ﬂuores-
cence intensity (t0=t3 ¼ 5=0:03) as a result of quenching.
In the presence of quenching, the reciprocal ﬂuorescence
decay time of each individual tyrosine residue (ti) is equal to
the sum of the radiative ( kﬁ), the radiationless (knri), and the
quenching (kqi) rate constants, which leads to Eq. 5, where
t0i represents the unquenched lifetime of each Tyr residue,
assumed equal to the lifetime of NAYA in the appropriate
dioxane/water mixture (9)
kqi ¼ 1
ti
 1
t0i
: (5)
From this equation, values of kq1 ¼ 7 3 107 s1, kq2 ¼
5.3 3 109 s1, and kq3 ¼ 3.0 3 1010 s1 are obtained for
the pseudounimolecular quenching rate constants of the three
groups (1:1:4) of tyrosines, respectively.
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Quenching by proton transfer
Among the ﬂuorescence quenching mechanisms known for
tyrosine within proteins, quenching by proton transfer to a
carboxylate of an aspartic or glutamic amino acid residue has
been observed in bovine ubiquitin (5). Studies have sug-
gested that Tyr-25 is hydrogen bonded to Asp-14. As a
result, quenching of this tyrosine could occur as a result of
excited-state proton transfer (ESPT). To check if ESPT
might be responsible for tyrosine ﬂuorescence quenching in
RNase A, the ﬂuorescence quantum yield was measured as a
function of pH from pH 7 to pH 1 at 23C (Fig. 1 a, inset).
Because ESPT does not occur from tyrosine to protonated
carboxylate groups, a substantial increase in the ﬂuorescence
yield of RNase A would be expected at sufﬁciently low pH
values if ESPT were the mechanism responsible for ﬂuores-
cence quenching. The ﬂuorescence quantum yield showed
no change between pH 7 and pH 2 and only a 20% increase
in ﬂuorescence intensity below pH 2. Previous studies have
shown that, at pH 2, RNase A has a Tm ¼ 30C (23). The
lack of a change in ﬂuorescence intensity in the pH range
from 7 to 2 (Fig. 1 a, inset) indicates that, even though Tyr-
25 may be hydrogen bonded to Asp-14, the quenching of
Tyr-25 does not result from proton transfer to nearby car-
boxylate groups. The modest increase in ﬂuorescence in-
tensity below pH 2 at 25C is attributed to the pH-induced
denaturation of RNase A, as previously stated by Cowgill (24).
Quenching by disulﬁde bridges
Three decades ago, Cowgill classiﬁed the ﬂuorescence of the
tyrosine residues in RNase A in the following manner: Tyr-
25, Tyr-97, and Tyr-92 as being buried in the interior, hydro-
gen bonded to carbonyl groups, and completely quenched,
whereas Tyr-73, Tyr-76, and Tyr-115 are partially quenched
by different mechanisms varying from quenching by the hy-
drated peptide carbonyl group, by disulphide bonds, and by
resonance energy transfer to other quenched tyrosines (25).
However, the x-ray crystal structure of the protein shows that
Tyr-92 is neither completely buried nor hydrogen bonded
to a carbonyl group. Hence, the quenching of this tyrosine
residue cannot be described by the mechanism proposed by
Cowgill. In an era when time-resolved ﬂuorescence spec-
troscopy and crystal structure analyses were in their initial
stages, his work on this protein remains noteworthy. How-
ever, the discrepancy observed for Tyr-92 suggests that the
classiﬁcation adopted for tyrosine residues in RNase A re-
quires revision. In this context, Swadesh et al. subsequently
proposed that the quenching of tyrosine in RNase A is a
result of complex formation between tyrosine residues and
disulphide bridges (26).
Mechanism of quenching by disulﬁde bridges
Different mechanisms of ﬂuorescence quenching of tyro-
sine or tryptophan residues by disulphide bridges have been
proposed, including excited-state electron transfer (27), en-
ergy transfer (28), and short-range interactions that permit vi-
brational dissipation of the excitation energy (29,30).
The standard Gibbs energy of electron transfer DG0ET from
tyrosine to a disulphide bridge can be estimated from the dif-
ference between the oxidation potential of cresol (EoxD ¼ 1:4V
versus saturated calomel electrode in acetonitrile) (31) and
the reduction potential of cystine (EredA ¼ 0:33V versus
saturated calomel electrode in water) (32) given by Eq. 6,
assuming that cresol and cystine are representative models for
the donor (tyrosine ring) and acceptor (disulphide bridge),
respectively. On the basis of these values it is clear that disul-
ﬁdes are excellent electron acceptors and that the excited-state
electron transfer from tyrosine to disulﬁde bridges is strongly
exergonic (DG0ET ¼ 2:6eV from Eq. 6).
DG
0
ET ¼ E oxD  E redA  hn1DG0ðeÞ: (6)
In Eq. 6, the excitation energy (hn ¼ 4:32 eV) was taken
from the mid-energy value of the absorption and emission
spectra of NAYA in dioxane-water mixtures. DG0(e) (Eq. 7)
accounts for the Coulombic interaction of the ion pair
(DGionic) and corrects the E
ox
D  EredA values for transfer from
acetonitrile to water (DDGsolv), in Joule, (33).
DG
0ðeÞ ¼ DGionic
¼  e
2
4pe0esolvðrA 1 rD1 Þ
 e
2
8pe0
r
1
A
 1 r1D1
 
e1solv  e1ref
 
: (7)
However, the experimental reduction potential of cystine
refers to a two-electron, two-proton irreversible reaction and
not a single electron transfer as is in the case of the excited-
state electron transfer from tyrosine to disulphide bridges in
RNase A. Consequently, we also evaluated DG 0ET by using
the experimental ionization potential of cresol (IP ¼ 8.33
eV) and experimental electron afﬁnities of model com-
pounds (dimethyl disulﬁde, EA ¼ 1.87 eV (34) or diethyl
disulﬁde, EA ¼ 1.95 eV (35) (Eq. 8)).
DG
0
ET ¼ IP EA hn1DG0ðeÞ: (8)
Once again, the values of DG0ET (e.g., for dimethyl disulﬁde)
indicate that disulﬁdes are excellent electron acceptors and that
the excited-state electron transfer from tyrosine to disulﬁde
bridges is strongly exergonic (DG0ET ¼1:9 eV from Eq. 8). In
the case of Eq. 8, DDGsolv corrects the IP-EA values from gas
phase to water (i.e., eref ¼ 1 in Eq. 7).
The values of DG0ET suggest that excited-state electron
transfer in the tyrosine-disulﬁde bridge should be practically
activationless. In fact, although the value of DG0ET may lie in
the Marcus inverted region (DG0ET, l in Eq. 9) (36,37)
when a value l  1.6 eV is assumed for the reorganization
energy (38), it is well known that Eq. 9 (Marcus’ classic
theory) overestimates the increase in the Gibbs activation
energy of electron transfer DG#ET with decreasing DG
0
ET in
the inverted energy region (39).
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DG
#
ET ¼
DG
0
ET1 l
 2
4l
: (9)
The absence of a temperature dependence of the two
shortest decay times of RNase A in the pretransition temper-
ature range (23–50C) also indicates a practically activation-
less quenching of the corresponding ﬁve tyrosines. Hence,
the electron transfer rate constant (kET) from tyrosine to a
nearby disulﬁde bridge should depend essentially on the ef-
fective donor-acceptor distance R (Eq. 10).
kET ¼ k0 expð2ðR R0Þ=LÞ:expðDG#ET=kBTÞ: (10)
In Eq. 10, R is the center-to-center distance, R0 is the sum
of the van der Waals radii of the acceptor and donor, L is the
orbital overlap parameter, and k0 is the preexponential coef-
ﬁcient, given by Eq. 11, where J0(R0) is the coupling matrix
element at the contact distance R0.
k0 ¼ 2p
Z
ð4plkBTÞ1=2 3 J0ðR0Þ2: (11)
The center-to-center distances from the six tyrosines of
RNase A to the closest disulﬁde bridge, obtained from the
x-ray crystal structure (Table 1) and MD simulations at 23C
(Fig. 6), show that four tyrosines (25, 73, 92, and 97) are
within 5–6 A˚, Tyr-115 is at ;7 A˚ and Tyr-76 at ;12 A˚.
Clearly, then, electron transfer will be the dominant deac-
tivation process for the ﬁrst ﬁve tyrosines.
This assignment is in agreement with results obtained with
four mutants of Rnase A (Y73W, Y76W, Y92W, and
Y115W) by Navon et al. (8), in which Tyr-73, Tyr-76, Tyr-
92, and Tyr-115 were replaced one by one with a tryptophan.
Since tryptophan is an equally good electron donor as ty-
rosine (IP ¼ 7.54 eV (40); hn ¼ 4.12 eV for 3-methyl-
indole), the four tryptophans should be as quenched as the
corresponding assigned tyrosines in the unaltered protein. In
fact, the tryptophan in Y76W is practically not quenched, in
Y73W and Y92W the tryptophan is strongly quenched, and
in Y115W it is also quenched but to a lesser extent than in the
two former. However, since the value of Tm of the Y92W
mutant (;61C from UV spectroscopy) was found substan-
tially larger than those of the remaining three mutants (all
within 53 6 1C), it seems that at least one mutation has
induced signiﬁcant conformational changes with respect to
the wild-type protein. Therefore, despite the agreement of
Navon’s data with our assignment, their results cannot be
taken as a clean proof of this assignment.
Under the assumption that DG#ET is close to zero or simply
identical for all tyrosines, the electron-transfer rate constant
will depend on three parameters k0, L, and R (Eq. 10). A plot
of ln kET vs. R should therefore be linear. Strictly, the ex-
perimental kET represents an average kET and not its value
at the average R. However, the maximum variation in R for
all tyrosines is around 0.3 A˚ except for Tyr-92, which shows
variations up to 0.8 A˚. Studies on electron transfer in proteins
between redox centers have shown that kET is signiﬁcantly
modulated by the intervening medium (42) where kET is
faster between covalently bonded redox centers than through
vacuum. On a closer look at the crystal structure, all tyro-
sines seem equivalent with respect to their medium except
for Tyr-115, which has the –CH2– group of one of the cys-
teines in between the tyrosine ring and the center of the
disulphide bridge Cys-58–Cys-110. However, no covalent
bond is apparent directly between the tyrosine rings and
disulphide bridges from the crystal structure. A logarithmic
plot of the kET values for the three groups of tyrosine in
RNase A versus the tyrosine-disulﬁde distances provides
estimates of the parameters of Eq. 10 of k0 ¼ 2.43 1012 s1
and L ¼ 2.45 A˚. These values are consistent with values of
these parameters reported for other electron-transfer pairs
(42,43).
Reconstruction of ﬂuorescence decays
Employing the values of k0 and L, we calculated values of the
ﬂuorescence decay times ti(Ri) of the six tyrosines and used
these to construct a theoretical hexa-exponential decay of
RNase A with 38,000 counts at the peak channel. The the-
oretical ﬂuorescence decay was convoluted with the exper-
imental pulse and then analyzed using sums of two and three
exponentials. A sum of three exponentials was found to be
sufﬁcient to ﬁt the theoretical hexa-exponential decay (Fig. 7).
Thus, the decay times of four of the tyrosines are close
enough to each other to be experimentally indistinguishable
and appear as a single decay time (t3) with a fourfold larger
preexponential coefﬁcient A3. The decay times of Tyr-115
(t2) and Tyr-76 (t1) are sufﬁciently different to require
another two exponential terms in the ﬁt. The recovered decay
times and respective preexponentials of t1 ¼1.75 ns (A1 ¼
1.05) t2 ¼127 ps (A2 ¼ 0.93) t3 ¼ 40 ps (A3 ¼ 4.02) are
similar to those obtained from experimental decays.
Thermal and chemical unfolding of RNase A
by TRFS
On the basis of the above assignment, the thermally or
chemically induced changes occurring in different regions of
the protein where the tyrosine residues are located can now
TABLE 1 Solvent accessibility (SA) and distances (R) of
tyrosines (TYR) to the nearest disulﬁde bridge (CYS),
calculated from the center of the tyrosine ring to the center
of the disulﬁde bond using the x-ray crystal structure
TYR SA (% H2O) CYS R (23C) A˚ R (87C) A˚
25 10–20 26–84 5.36 6 0.46* 7.49 6 0.36
73 10–20 58–110 5.36 6 0.60 5.34 6 0.45
76 70–80 58–110 12.8 6 0.69 12.9 6 0.80
92 50–60 40–95 5.41 6 0.60 6.23 6 0.47
97 0–10 40–95 5.96 6 0.39 5.31 6 0.43
115 50–60 58–110 6.98 6 0.86 6.88 6 1.15
The average distances were calculated from simulations carried out at 23
and at 87C (averages taken over the last 2 ns of the simulation).
*Tyr-25 also showed an R distance of 6.5 6 0.54 A˚ for periods .3.5 ns.
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be followed by monitoring the respective decay times and
preexponential coefﬁcients.
Thermal unfolding
The study of the parent compound NAYA in water as a
function of temperature showed a gradual decrease in the
decay times with increasing temperature (Fig. 4 a). In the
case of RNase A, t1 decreased gradually from 20 to 50C,
and sharply from 50 to 60C, whereas its preexponential co-
efﬁcient remains constant. The sharper decrease in t1 reﬂects
the exposure of the slightly buried Tyr-76 to water upon
denaturation. This decrease results from the fact that the
FIGURE 6 Comparison of the distances from the center
of the tyrosine ring to the center of the disulﬁde bridge (R)
for (a) Tyr-25 from disulﬁde bridge C26–C84 at 23C and
(b) at 87C, (c) Tyr-73 from C58–C110 at 23C and (d) at
87C, (e) Tyr-92 from C40–C95 at 23C and (f) at 87C,
(g) Tyr-97 from C40–C95 at 23C and (h) at 87C, and (i)
Tyr-115 from C58–C110 at 23C and (j) at 87C.
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decay time of the unfolded state (corresponding to Tyr-76 in
;95% water). Using the pre- and posttransitional baselines
of t1, we calculated a Tm ¼ 59.2C. This value essentially
reﬂects the response of the protein to heating in the region
where Tyr-76 is located, which is on a loop between b-strand
III and b-strand IV (Fig. 8 a). Additionally, in the tem-
perature range from 20 to 50C, we expect kET to remain
constant or increase slightly with temperature. However, a
plot of kET, calculated from 1/t1  1/t0, where t0 is the
decay time of NAYA in a mixture of 20:80 dioxane/water
from 20 to 50C, shows a reduction in kET with increasing
temperature, which would only be possible if the distance (R)
between the tyrosine residue and the nearest disulﬁde bridge
increases with temperature. No increase in R is apparent from
the MD simulations, which predict a constant value of R ;
12.8 A˚ for Tyr-76 from 23 to 87C (Table 1). The decrease in
kET from 20 to 50C suggests a pretransition, observed from
the decay time t1 that is not adequately predicted by the MD
simulations.
The decay times t2 and t3 remain almost constant, within
experimental error, in the pretransition temperature region
below 50C. However, in contrast to the normal temperature
dependence, t2 and t3 increase from 50 to 80C. This
tendency derives from a reduction in quenching, likely due to
an increase in the distance (R) from the tyrosine rings to the
quenchers (disulphide bridges) as a result of unfolding. In
addition, A2 goes from 1 to 2.8, while A3 decreases from 4 to
2 in the temperature range from 50 to 80C. The decrease of
A3 from 4 to 2 suggests that two of the tyrosines that are
highly quenched at 23C become only partially quenched at
80C. On the basis of the tyrosine-disulﬁde distances ob-
tained from the MD simulation at 87C (Table 1), it seems
likely that these two tyrosines are Tyr-25 and Tyr-92. Tyr-25
and Tyr-92 are located in different parts of the protein, Tyr-
25 in a-helix II (residues 24–34) and Tyr-92 on a loop
between b-strand IV and b-strand V (see Fig. 8 a).
Summarizing, Tyr-73 and Tyr-97 remain;5.3 A˚ from the
closest disulﬁde bridge and continue to be strongly quench-
ed, whereas Tyr-25 and Tyr-92 increase their distance from
the closest disulﬁde bridge from ;5.4 A˚ to 7.5 and 6.2 A˚,
respectively, and are only partially quenched upon denatur-
ation. This suggests that the regions associated with Tyr-25,
namely a-helix II, and with Tyr-92, in the loop in between
b-strand IV and b-strand V, lose their structure partially or
completely, whereas b-strand III (Tyr-73) and b-strand V
(Tyr-97) maintain their structure even at 80C.
Chemical unfolding
In the case of chemical unfolding, the temperature effect on
the decay times is absent, leaving only the displacement of
the tyrosine residues away from their disulphide bridges and
exposure to water as the causes of changes in the decay times.
Below 2 M GuHCl, there is no appreciable change in the
decay times, whereas above this concentration there is an in-
crease in all the decay times (t1 increases from;1.70 to 1.87
ns, t2 from 0.16 to 0.76 ns, and t3 from ;30 to 100 ps),
indicating a signiﬁcant increase in some of the tyrosine-
disulphide bridge distances (Fig. 5 a).
FIGURE 7 Analysis of a theoretical hexa-exponential ﬂuorescence decay
of RNase A with 38,000 counts at the maximum. The six decay times were
calculated with Eqs. 5 and 10 using values of k0 ¼ 2.4 3 1012 s1 and L ¼
2.45 A˚ and the distances of each tyrosine residue presented in Table 1 at
23C. The decay can be ﬁtted with a triple exponential with decay times and
preexponentials of t1¼ 1.75 ns (A1¼ 1.05) t2¼ 127 ps (A2¼ 0.93) t3¼ 40
ps (A3 ¼ 4.02).
FIGURE 8 Stereoscopic views of one of the structures of RNase A from
the simulations carried out at (a) 23C and (b) 177C.
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Previous studies have suggested that the denaturant-induced
unfolded state of RNase A exhibits less conformational order
than the thermally unfolded state. Thus, MD simulations
were carried out at 177C in an attempt to evaluate the dis-
tances from the tyrosine residues to their nearest disulphide
bridge (R) in a more expanded unfolded state. Fig. 9 shows
an increase in R for Tyr-76 during part of the simulation to
13.5 A˚ (compared to 12.8 A˚ at 23 and 87C), which would
correspond to t1 ¼ 1.86 ns.
As in the case of thermal unfolding, the preexponential
coefﬁcient of the four strongly quenched tyrosines (A3)
changes from ;4 in the absence of GuHCl to 2 at 4.2 M
GuHCl, indicating that two tyrosines become less quenched
upon unfolding. However, the ﬁnal distribution of decay
times 1.3:2.7:2 deviates signiﬁcantly from the 1:3:2 distri-
bution expected for the unfolded state of RNase A. This is
essentially due to the increase from 1 to 1.3 of A1 for the
weakly quenched Tyr-76. These results suggest that, at 4.2
M GuHCl, one of the three partially quenched tyrosine
residues may adopt in part R-values similar to those of Tyr-
76. Fig. 9 shows that the distance of Tyr-92 to its nearest
disulphide bridge increases up to;12 A˚ and starts to fall again
before the end (2 ns) of the simulation. This suggests that, in a
more unfolded state of RNase A, Tyr-92 might temporarily
adopt conformations with a long decay time similar to Tyr-76,
leading to the observed increase in the preexponential asso-
ciated with the long decay time (t1) to above unity.
Thermodynamics of RNase A unfolding from
preexponential coefﬁcients
In a previous study on thermal unfolding of ubiquitin, a pro-
tein with a single tyrosine, we showed that it is possible to
determine the exact mol fractions (xi) from the preexponen-
tial coefﬁcients (Ai) associated with the decay times (ti) of
the native (N) and unfolded (U) ubiquitin (5). In the case of
ubiquitin, the native state was described by a single decay
time, whereas two decay times were observed for the un-
folded state. For RNase A, our experimental data show good
ﬁts with triple exponentials over the entire temperature
range. This implies that the observed decay times are dis-
tributions of decay times of the native and unfolded states
that are experimentally unresolved. However, the preexpo-
nential coefﬁcients contain information on the mol fractions
of the native folded (xN) and unfolded (xU) states. Thus,
instead of the appearance of additional decay times, a change
in the ratios of the preexponential coefﬁcients is observed
during the transition. Thermal and chemical unfolding both
show a change in A3 from;4 to 2. This means that, when the
protein is in the native state (xN¼ 1) A3¼ 4, and when it is in
the unfolded state (xN ¼ 0) A3 ¼ 2. Therefore, A3 can be
expressed in terms of the native molar fraction xN (Eq. 12),
from which the equilibrium constant for unfolding, KU, can
be determined and, in turn, the enthalpy (DH) and entropy
(DS) of unfolding (Eq. 13).
A3 ¼ 2ðxN1 1Þ ¼ 2ðð11KUÞ11 1Þ: (12)
KU ¼ ð4 A3Þ=ðA3  2Þ ¼ eðDHTDSÞ=RT: (13)
On ﬁtting Eq. 13 to the temperature dependence of A3,
values of Tm ¼ 58.2C, DH ¼ 461.4 kJ/mol, and DS ¼ 1.39
kJ/mol/K were obtained (see Fig. 4 b). These values are in
good agreement with previously published differential scan-
ning calorimetry (DSC) results for thermal unfolding of RNase
A at pH 5.5 (Tm ¼ 60.4C and DH ¼ 453.4 kJ/mol) (44).
FIGURE 9 Distances from the center of the tyrosine ring to the center of
the disulﬁde bridge (R) for (a) Tyr-92 from C40–C95 at 23C, (b) 87C, and
(c) 177C from molecular dynamics simulation started from the native state.
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Likewise, the GuHCl-induced unfolding provided values
of Cm ¼ 2.93 M, DG23CH2O ¼ 37:8kJ=mol, and m ¼ 12.9 kJ/
mol/M, in reasonable agreement with values cited in the
literature at pH 6.98: Cm ¼ 2.99 M, DG25CH2O ¼ 38:7kJ=mol,
and m ¼ 12.9 kJ/mol/M (45).
The interesting aspect of the agreement of the TRFS and
DSC thermal unfolding results is that our TRFS values refer
to thermal unfolding occurring in the regions of RNase A
around Tyr-25 and Tyr-92, whereas the latter were derived
from DSC measurements, thus reﬂecting the change in DCp
for the whole protein.
The picture emerging from this observation is that the un-
folding of RNase A occurs via a ‘‘domino effect’’, in which
all of the pieces undergo the transformation in a sequence but
yet in one single process. Consistent with this picture is the
fact that the Tm values derived from t1 vs. T (59.2C),
reﬂecting Tyr-76 (located on a loop between b-strands III
and IV), from A3 vs. T (58.2C) for two tyrosine residues
(Tyr-25, located on helix II, and Tyr-92, located on a loop
between b-strands IV and V), from DA vs. T (62.2C)
reﬂecting the exposure to water of the three buried tyrosine
residues (Tyr-25, Tyr-73, b-strand III, and Tyr-97, b-strand),
and from DSC (60.4C) (the whole protein) are all within the
experimental DSC error (46).
Information on the unfolded conformation
There are several studies on the unfolded state of RNase A
(for a review see Neira and Rico (6) and Scheraga et al. (7))
that indicate the presence of residual structure. This is
conﬁrmed by our results and expected from the presence of
the four disulphide bridges, which prevent the complete ex-
pansion of the protein.
An interesting result of this work is that, of the four highly
quenched Tyr residues, Tyr-73 and Tyr-97 remain in close
proximity to their nearest disulphide bridges whereas Tyr-25
and Tyr-92 move away. Because the disulﬁde bridges
nearest to Tyr-73 and Tyr-97 are located in secondary struc-
tures in regions of the protein different from the Tyr residues,
this would tend to indicate that, at 80C (above the Tm ;
60C), tertiary contacts persist for Tyr-73 and Tyr-97.
On comparison of RNase A structures from the MD
simulations at 23C and 177C, it is clear that the distance R
between Tyr-25 and its nearest disulphide bridge Cys-26–
Cys-84 results from the disruption of a-helix I, which causes
the loop between a-helix I and a-helix II to shift toward
a-helix I. In the case of Tyr-92 the partial loss in structure of
b-strand V apparently causes an increase in the ﬂexibility of
the loop that contains Tyr-92, which results in a shift away
from Cys-40–Cys-95.
Even more curious is the fact that, despite the partial loss in
secondary structure of b-strand V, which contains Tyr-97, this
strand still remains in close proximity to Cys-40–Cys-95. The
C-terminal part of RNase A, which consists of Tyr-73 and
Tyr-115, keeps its secondary structure, which maintains the
two tyrosine residues in close proximity to their disulphide
bridges. The last observation is in agreement with previous
studies, which have indicated that Tyr-73 is located in a
hydrophobic core of exceptional stability against unfolding.
CONCLUSIONS
The ﬂuorescence decay of Ribonuclease A at pH 7 in the 20–
80C temperature range can be ﬁt with triple-exponential
decay functions despite the presence of six tyrosines. Be-
low the unfolding temperature, four tyrosines are equally
strongly quenched, one is partially quenched, and the sixth
only slightly quenched. Upon unfolding two out of the four
strongly quenched tyrosines become less quenched.
The quenching mechanism of these tyrosines in RNase A
is ascribed to photo-induced electron transfer from the
tyrosine residues to nearby disulphide bridges. The electron-
transfer rate constant kET is exponentially dependent on the
distance R from each tyrosine to the nearest disulphide
bridge, using R-values obtained from the x-ray crystal struc-
ture and from the dynamic picture of the native and unfolded
states provided by all-atom molecular dynamic simulations
at 23, 87, and 177C.
The three decay times were assigned as follows: t1 is the
decay time of Tyr-76 (at R ¼ 12.8 A˚), t2 is the decay time of
Tyr-115 (at R¼ 6.9 A˚), and t3 is the mean decay time of Tyr-
25, Tyr-73, Tyr-92, and Tyr-97 (all at R ¼ 5.5 6 0.3 A˚).
Upon unfolding, the distances from two of the tyrosines
(Tyr-25 and Tyr-92) to the nearest disulﬁde bridge increase
from ;5.5 A˚ to ;7 A˚ and t2 becomes the average decay
time of Tyr-115, Tyr-25, and Tyr-92, whereas t3 is the
average decay time of Tyr-73 and Tyr-97.
From the preexponential coefﬁcients of the ﬂuorescence
decays, the unfolding equilibrium constants (KU) of RNase
A were calculated, as a function of temperature or denaturant
(GuHCl) concentration, providing values of Tm ¼ 58.2C
and Cm ¼ 2.93 M. The successful application of this method
to the unfolding of RNase A rests on the fortunate case that,
of the six tyrosine residues present, only two change signif-
icantly during unfolding.
Thiswork establishes a newmethodology of usingTRFS as
a tool for protein studies. The discrimination between and
assignment of the six tyrosines allowed us to follow the un-
folding in speciﬁc and different regions of the protein, evi-
dencing an emerging picture of a single unfolding event that
affects all the protein regions evenly.
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